Introduction
The blood-brain barrier (BBB) controls the passage of blood-borne agents into the central nervous system (CNS) and, as such, it plays a vital role in protecting the brain against pathogens. Although this protective mechanism is essential for normal brain function, it also poses a significant hindrance to the entry of drugs into the brain. In this context, it is hardly surprising that brain diseases account for ap- 
BIOPHOTONICS
The blood-brain barrier (BBB) poses a significant impediment for the delivery of therapeutic drugs into the brain. This is particularly problematic for the treatment of malignant gliomas which are characterized by diffuse infiltration of tumor cells into normal brain where they are protected by a patent BBB. Selective disruption of the BBB, followed by administration of anti-cancer agents, represents a promising approach for the elimination of infiltrating glioma cells. A summary of the techniques (focused ultrasound, photodynamic therapy and photochemical internalization) for site-specific opening of the BBB will be discussed in this review. Each approach is capable of causing localized and transient opening of the BBB with minimal damage to surrounding normal brain as evidenced from magnetic resonance images and histology.
T 1 -weighted MRI contrast enhanced images (a, b) showing focal enhancement in the area of light treatment. Fluence levels of 9 (a) and 17 J (b) at a fluence rate of 10 mW were performed 4 h following ALA administration (125 mg kg À1 i.p.). Scans were acquired 3-4 h post-PDT and 15 min following i.p. Gd contrast administration. Coronal H&E sections (c, d) taken from the brains of Fischer rats 14 days post-treatment. No significant pathology was observed following delivery of 9 J (c). At the high fluence (17 J), extensive infiltration of lymphocytes and macrophages was apparent as shown by the arrow in (d) [19] . Reprinted with permission.
proximately 30% of the total burden of all diseases [1] . Nearly all large-molecule pharmaceutics (peptides, recombinant proteins, monoclonal antibodies and gene therapeutics) and 98% of small molecules do not cross the BBB [2] . Of the 7000 drugs in the Comprehensive Medicinal Chemistry database, only 5% treat the CNS and these drugs are limited to the treatment of depression, insomnia and schizophrenia [3, 4] . The few drugs that do cross the BBB have a number of features in common including small size (<400 Da), high lipid solubility, and passage across the BBB by passive diffusion. Presently, there are no CNS drugs that effectively address major brain disorders including Alzheimer's, strokes and tumors.
The protective function of the BBB is particularly problematic for the treatment of infiltrating gliomas. Although surgery is used to remove gross tumor, standard adjuvant therapies consisting of radiation and chemotherapy often fail to eliminate infiltrating glioma cells in or beyond the brain-adjacent-to-tumor (BAT) region -a zone that commonly extends several centimeters from the resection margin. This is the reason for the high rate of tumor recurrence (80%) within a 2-3 cm margin of the surgical resection cavity [5] . Infiltrating tumor cells are supplied with nutrients and oxygen by the normal brain vasculature and consequently, protected by the BBB: few anti-cancer drugs are capable of crossing this barrier. Therefore, eradication of gliomas is highly unlikely without addressing the problems posed by the BBB.
In general, three different strategies for the delivery of drugs into the brain have been attempted: widespread opening of the BBB (paracellular approaches), circumventing the BBB and delivery across the BBB (transcellular approaches). In the first approach, intracarotid arterial infusion of either hyperosmolar solutions (e.g. mannitol) or vasoactive drugs (e.g. bradykinin) along with drug administration has been investigated. The utility of this approach is questionable for a number of reasons: (1) the BBB remains open for only a short period of time and therefore the procedure must be repeated in multi-fractionated drug delivery schemes, (2) nonselective opening of the BBB exposes large volumes of normal brain to undesirable substances that may be toxic [6] , and (3) the rapid influx of substances produces transient increases in intracranial pressure. A number of techniques for bypassing the BBB have been investigated including direct injection into the cerebrospinal fluid [7] , ventricles [8] or tumors [9, 10] , implantation of drug-releasing polymers [11, 12] , convection-enhanced delivery [13] [14] [15] and intranasal drug administration [16] . Due to a number of drawbacks, including limited drug diffusion and the inability to attain therapeutic concentrations, these approaches have failed to demonstrate clinical utility. A number of approaches for drug delivery across the BBB have been attempted including encapsulation into liposomes and nanoparticles. The main drawback with these techniques is the rapid removal of drug from the circulation due to increased uptake in all organs thus reducing the amount of drug reaching the brain [1] . Perhaps the most promising technique for trans-BBB delivery is the conjugation of therapeutic drugs to proteins (e.g. insulin, ApoE and transferrin) that are known to traverse the BBB by receptor-mediated endocytosis [17] . Although this so-called molecular Trojan horse approach has been used for the delivery of a number of therapeutic proteins, there are still some limitations including rapid removal from the circulation, low delivery yields and the need for repeated injections [1] .
Site-specific disruption of the BBB represents an alternative approach for drug delivery into the brain. This has been accomplished using either highly focused ultrasound (reviewed in [18] ) or laser-based approaches such as photodynamic therapy (PDT) [19] and photochemical internalization (PCI) [20] . These techniques are appealing for a number of reasons including the highly localized nature of the BBB disruption: unlike the use of hyperosmolar solutions, the BBB is only disrupted at sites subjected to sufficient beam power densities which can be controlled by the user to coincide with the location of the pathology. Through judicious choice of beam parameters, the affected volume can be as small as a few mm 3 . Equally important are observations showing that these highly focused approaches do not cause permanent damage to the BBB, as long as incident power densities remain below threshold levels. Under these conditions the BBB may remain open for relatively long periods of time thus facilitating multi-fractionated drug delivery. In contrast, repeated injections of hyperosmotic compounds are required for extended treatment regimens since the BBB remains open for only a few minutes following bradykinin administration [21] .
A summary of the methods (focused ultrasound, PDT and PCI) for site-specific disruption of the BBB in rodents and rabbits will be presented in this review. The utility of these techniques in neuro-oncology will be emphasized especially with regards to their ability to facilitate drug delivery to infiltrating glioma cells protected by a patent BBB. It is shown that each approach is capable of causing localized and transient opening of the BBB with minimal damage to normal structures as evidenced from contrast enhanced magnetic resonance imaging (MRI) and histology.
The blood-brain barrier
The first evidence for the existence of the BBB was provided by Ehrlich in 1885 [22] . The primary func-tion of the barrier is to maintain homeostasis of the brain -it is the most important global influx barrier preventing solutes from entering the brain [23] . The human BBB has a total blood vessel length of approximately 600 km occupying a surface area of around 20 m 2 [24] . The degree to which the brain is vascularized can be appreciated by the fact that every cubic centimeter of cortex contains 1 km of blood vessels [24] .
The BBB is formed by tightly connected brain capillary endothelial cells (Figure 1 ). Substantially different than those found in peripheral microvessels, the endothelial cells lining the brain vessels are connected by much tighter junctional complexes in order to completely seal the paracellular spaces and form a continuous physical barrier between the CNS and blood circulation [25] . Both the lumen-facing (luminal) and the brain-facing (abluminal) membranes of the endothelium consist of phospholipid bilayers lacking fenestrations. The luminal and abluminal membranes of the capillary endothelium are separated by approximately 200 nm of endothelial cytoplasm [26] . Molecules crossing the BBB must traverse these two limiting membranes of the endothelium. The brain side of the capillary endothelial cells is completely covered by a basement membrane with the end-foot processes of the astrocytes closely attached to it. Pericytes are embedded in the basement membrane between the endothelial cell and astrocyte process, making particularly close contact with endothelial cells. They are thought to provide structural support to the microvasculature and are important in BBB stability [27] . Both the basement membrane and astrocyte foot processes allow diffusion of molecules [26] which are free to diffuse through the brain extravascular space once successfully across the limiting membranes.
The impermeability of the BBB is the result of a number of unique features. Firstly, the physical restriction imposed by tight junctions between endothelial cells greatly reduces paracellular permeability. Additionally, the transport system regulation of endothelial cells limits the number and types of molecules that undergo transcellular transport. Lastly, the metabolic activity of endothelial cells, with powerful enzymes metabolizing many potentially harmful substances, adds to the difficulties faced by molecules trying to penetrate the BBB.
Paracellular transport of substances into the brain is regulated by the tight junctional complex consisting of transmembrane proteins that form beltlike strands between adjacent endothelial cells (Figure 2) . Perhaps the most important of these are the occludins and claudins which are transmembrane tight junction (TJ) proteins that play a key role in maintaining the structure and function of the BBB [29] . Other key proteins include the zonula occludens (ZO-1, ZO-2 and ZO-3) which are submembraneous tight junction-associated proteins that anchor the transmembrane TJ proteins to the cytoskeleton and participate in signal transduction [30] . It is hypothesized that impairment of the TJ proteins causes BBB dysfunction and, as such, these proteins would appear to be appealing targets for therapeutic interventions focused on drug delivery to the brain [29] .
3. Methods for selective disruption of the blood-brain barrier
Focused ultrasound
Focused ultrasound (FUS)-induced effects in the brain have been investigated since the early 1940s [31] . By using focused ultrasound, acoustic energy can be concentrated into a focal spot with a diameter of a few mm [32] . Although the technique is capable of producing selective disruption of the BBB, studies have failed to identify sonication parameters resulting in reliable opening of the BBB without concomitant damage to normal brain and therefore the technique appears to have limited clinical utility [33] [34] [35] [36] [37] [38] [39] . To address this concern, commercially available contrast agents (e.g. Optison
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) consisting of albumin coated microbubbles, have been used in FUS approaches [40] . The presence of these preformed microbubbles circulating in the vasculature confines the ultrasound effects to the blood vessel walls resulting in BBB disruption with minimal damage to surrounding brain tissue [41] . Typically, the contrast agent is injected intravenously a few seconds prior to sonication. The introduction of contrast agents has allowed selective disruption of the BBB at much lower acoustic power levels than previously employed, making this approach substantially easier to apply through the intact skull which is highly absorbing of ultrasound causing heating during sonication [31] .
Studies have been conducted in a number of small animal models (mice, rats and rabbits) in order to determine the optimal acoustic parameters for selective opening of the BBB. Typically, the effects of FUS on the BBB are evaluated from contrast-enhanced MR images using commercially available gadolinium (Gd) agents. Since Gd contrast does not traverse the intact BBB, the presence of the compound in the brain parenchyma is suggestive of BBB breakdown. MRI has also been used as a localization tool to guide FUS-induced BBB disruption in targeted regions of the brain.
A major limitation of FUS is the strong phase and amplitude aberrations introduced by the skull [42] . The resultant attenuation and distortion of the ultrasound field increases with acoustic frequency thus preventing the delivery of sufficient acoustic power for BBB disruption at diagnostic frequencies (>3 MHz) through the thin skulls of rodents. Potential solutions to this problem include the use of lower frequencies and sophisticated adaptive techniques, such as large surface area phased arrays [42] . A number of animal studies have shown that trans-cranial focusing can be achieved at frequencies below 1 MHz [43] , however, the clinical implications are difficult to evaluate due to the thickness of the human skull. Another reason for using lower frequencies is that they are less likely to produce damage to normal vasculature as indicated by lower levels of red blood cell extravasation [44] .
In addition to frequency, there are a number of other parameters of importance for FUS optimization including, acoustic power, pressure amplitude, pulse repetition frequency and burst length [45] . Perhaps the most meaningful metric for FUS-induced BBB disruption is the mechanical index defined as the peak negative pressure amplitude estimated in situ divided by the square root of frequency [44] . The mechanical index was developed from theoretical formulations of inertial cavitation thresholds in water and blood and is commonly used as a standard for setting limits on nonthermal bioeffects produced by ultrasound [46] . Data from a number of animal studies suggest a mechanical index BBB disruption threshold of 0.46 [44] .
The exact mechanisms by which the BBB is disrupted by contrast-enhanced FUS remain to be elucidated. The effect is likely due to a combination of cavitation and acoustic radiation forces [43] . Cavitation is defined as the acoustically induced activities of microscopic gas bubbles within the medium and is believed to be the most important of the non-thermal bio-effects of ultrasound [47] . The generation of microbubbles requires high acoustic power densities which may result in damage to the vasculature [37] . With the introduction of microbubble-based contrast agents, high powers are no longer required and therefore the risk of normal tissue damage has decreased significantly.
Electron microscopy of animal brains following FUS suggests that sonication results in transendothelial transport by both transcellular and paracellular pathways [48] [49] [50] . These include: (1) transcytosis; (2) endothelial cell cytoplasmic openings (both fenestrations and channel formation); (3) passage through leaking tight junctions and; (4) free passage through injured endothelium (usually only observed at high powers). There is compelling evidence suggesting that FUS causes disassembly of the tight junctional molecular structures leading to loss of barrier functions in brain microvessels [29] . For example, immunoelectron microscopy for the tight junction-specific proteins shows a loss of immunosignals for occludins, claudin-5 and ZO-1 as early as 1 h following sonication [29] . The barrier function of the tight junction appears completely restored 4-5 h following sonication.
Data from animal studies suggest that FUS-induced BBB disruption does not result in permanent damage to the brain as evidenced by the lack of ischemic or apoptotic areas indicative of compromised vasculature or regions of neuronal damage due to extravasated red blood cells [31] . The effects that have been observed (small extravasations and very mild inflammatory reactions) do not appear to affect neurons up to four weeks following sonication [31] .
Based on MR imaging studies in small animals, BBB opening is observed over a relatively short time span ranging from approximately 10 min. to 5 h following sonication [43] . Although this time window is sufficient for administering therapeutic agents in single fractionated treatment regimens, it is unsuitable for the type of repeated drug administrations required to maintain high titers of chemotherapeutic agents for the treatment of brain tumors. This can only be achieved through repeated sonication exposure which may be difficult to implement from a practical point of view.
The feasibility of MR image-guided FUS for the delivery of antibodies and chemotherapeutic agents to the brain has been demonstrated in a number of rodent models [32, 50, 51] . These studies show that anti-dopamine D 4 receptor antibody [32] , Herceptin [50] and the chemotherapeutic agent, doxorubicin [51] can be delivered in sonicated regions of the brain. The size of the FUS-induced opening is not known, however, it must be relatively large to allow passage of Herceptin (mol. wt. ¼ 150 kDa). Although interesting, the clinical relevance of these results is not entirely clear since all studies were performed in normal brain. The use of disease models will be required to determine whether sufficient drug concentrations can be delivered to impact quality of life and/or survival.
Photodynamic therapy
PDT is a local form of treatment involving the administration of a tumor-localizing photosensitizer that is subsequently activated by light of a wavelength matching a major absorption resonance of the drug [52] . The resultant photochemical and photobiological events cause irreversible damage to tissues. Several studies have shown that PDT may prove useful in prolonging survival and/or improving the quality of life of glioma patients [53] [54] [55] . The aim of PDT in neuro-oncology is to eliminate the nests of tumor cells remaining in the BAT region following surgical resection while minimizing damage to surrounding normal brain. This may be difficult to achieve since glioma cells in the BAT are protected by a relatively intact BBB that prevents the passage of sufficient levels of photosensitizers and prodrugs required to elicit a PDT response [56, 57] .
The prodrug, 5-aminolevulinic acid (ALA), appears to be particularly well suited for the treatment of gliomas due to its excellent tumor specificity [58] and rapid systemic clearance [60] . This latter characteristic makes it particularly appealing for repetitive PDT regimens which have been shown to have clear advantages over single treatments in a number of experimental and clinical studies [55, 60, 61] .
In ALA-induced endogenous photosensitization, the heme biosynthetic pathway is used to produce protoporphyrin IX (PpIX) -a photosensitizer that has been shown to accumulate in high concentrations in glial tumors [62] [63] [64] . Not surprisingly, animal studies have demonstrated the efficacy of ALA in PDT of bulk tumor [65] while its excellent tumor specificity has made it useful in fluorescence-guided resection of high-grade gliomas (64, 66) . The high drug levels observed in gliomas are likely due to passive diffusion across a compromised BBB. The low PpIX levels (<1% of that found in bulk tumor) observed in normal brain following ALA administration, suggest that only trace amounts of ALA traverse the intact BBB [56] .
PDT using either hematoporphyrin derivatives or ALA has been reported to induce brain edema [67] [68] [69] [70] . The edema region surrounding the site of light treatment suggests a local degradation of the BBB. PDT therefore appears to have a two-fold effect: a direct antineoplastic effect on the remaining tumor cells as well as an effect that causes localized opening of the BBB.
A systematic study of the effects of ALA-PDT on the BBB in normal rat brain was recently completed [19] . Intracranial light delivery from a 632 nm diode laser was accomplished by stereotactic placement of a flat end optical fiber (numerical aperture ¼ 0.22) directly into the brain to a depth of 5 mm below the dura. Contrast enhanced T 1 -weighted MRI was used to monitor the degree of BBB disruption which was inferred from the intensity and volume of the Gd contrast agent visualized. The results show that the degree of BBB disruption was sensitively dependent on both light fluence and fluence rate. The exact fluence rates (and fluences) in the rat brain are unknown since direct measurements of light distributions were not attempted. The stated fluence rates represent the incident irradiances measured from the flat end fiber prior to insertion into the brain. The intracranial fluence rate will be many Figure 3 (online color at: www.biophotonics-journal.org) Mean contrast volume measured from MRI scans performed 24 h post-PDT using a fluence rate of 10 mW. ALA (125 mg kg À1 i.p.) was administered 4-5 h prior to light delivery. A significant light dose response was apparent with increasing light fluence resulting in increased contrast. A fluence of 26 J, in the absence of ALA (light-only control), resulted in minimal contrast enhancement suggesting an intact BBB [19] . (Reprinted with permission.) times higher near the fiber due to multiple scattering [71] . At a relatively low fluence rate of 10 mW, ALA-PDT at increasing fluence levels resulted in increased contrast flow rates (Figure 3 ). Histological sections taken 14 days post-PDT showed local tissue damage (including necrosis and hemorrhage) only at the higher fluences (17 and 26 J) suggesting an upper limit to the maximum fluence that can be employed. Higher fluence rates had a profound effect on BBB patency as evidenced from both increased contrast volumes and signal intensities (Figure 4) . At all light fluences investigated (9-26 J), fluence rates exceeding 10 mW induced pronounced brain edema which often led to increased morbidity, and even death ( Figure 5 ). Analysis of T 2 -weighted MR images showed an exponential decrease in edema volume as a function of time post-PDT treatment (Figure 6 ). At the highest fluence investigated (26 J), edema volume decreased by approximately 50% within three days of treatment. This time period was found to be a significant prognostic indicator: any animal surviving past day three was highly likely to be a long-term survivor.
ALA-PDT-mediated disruption of the BBB was found to be temporary in nature opening rapidly following treatment and significantly restored 72 h later ( Figure 7) . The BBB was found to be disrupted as early as 2 h following PDT and approximately 90% restored 72 h later. Although significantly longer in duration compared to FUS-induced BBB opening, this window may be insufficient for the application of anti-cancer agents in extended multi-fractionated treatments.
The mechanisms of PDT-mediated BBB opening are unknown but they likely include direct PDT ef- fects on the endothelial cytoskeleton that lead to cell rounding and contraction, probably mediated by PDT-induced microtubule depolarization [72] . Furthermore, the formation and/or enlargement of endothelial gaps has been observed in response to PDT [73] . Additional studies in a rat brain tumor model have found extensive edema formation in response to ALA-PDT which is likely due to a breakdown of the blood-tumor barrier (BTB) [65, 69] . In these cases, the BTB was significantly altered by PDT most probably in a manner similar to the one proposed for the BBB, i.e., by enlarging endothelial gaps. Electron microscopy studies in a rat C6 glioma model demonstrated stretching of the tight junctions, with an enlargement of the gaps between endothelial cells following PDT [74] . The treatment was found to have only a minimal impact on the normal subcellular structures of the BBB suggesting that the endothelial cells were not permanently damaged by PDT.
Photochemical internalization
Photochemical internalization (PCI) is a novel technology that can enhance the delivery of macromolecules in a site-specific manner [75] . The concept is based on the use of specially designed photosensitizers, which localize preferentially in the membranes of endocytic vesicles. Upon light activation, the photosensitizer interacts with ambient oxygen causing vesicular membrane damage resulting in the release of encapsulated macromolecules into the cell cytosol instead of being transported and degraded in the lysosomes. PCI has been shown to potentiate the biological activity of a large variety of macromolecules and other molecules that do not readily penetrate the plasma membrane, including proteins (e.g. protein toxins and immunotoxins), peptides, DNA delivered as a complex with cationic polymers or incorporated in adenovirus or adeno-associated virus, peptide-nucleic acids (PNA) and chemotherapeutic agents [76] [77] [78] [79] .
Localized BBB opening via PCI-mediated delivery of Clostridium perfringens epsilon prototoxin (ETXp) was recently investigated in Fischer rats [20] . The rationale for using ETXp is due to the ability of active toxin (ETX) to cause widespread but reversible opening of the BBB [80] [81] [82] . Following systemic administration, ETXp is converted to fully active toxin by proteolytic cleavage. Administration of ETXp in rats has also been shown to result in a reduction of the endothelium barrier antigen in rat brain endothelial cells accompanied by a reversible opening of the BBB [83] . Since the overall objective of the study was to evaluate the efficacy of PCI for localized BBB disruption, only low concentrations of ETXp were administered, i.e., concentrations sufficiently below the threshold for BBB opening. Disruption of the BBB was accomplished by combining sub-threshold doses of ETXp with sub-threshold PDT light fluences. In all cases, a membrane localizing photosensitizer (aluminium phthalocyanine disulfonate; AlPcS 2a ) was used and contrast-enhanced MRI was employed to track BBB disruption following each procedure. Light illumination was accomplished by coupling the 670 nm light output from a diode laser into a flat end optical fiber placed on the surface of the rat's skull. As with the ALA-PDT studies described in the previous section, direct intracranial measurements of fluence rates were not attempted: the stated fluence rates represent the incident irradiances measured from the flat end fiber and fluences were calculated based on these values.
The results show that ETXp-PCI is capable of causing localized BBB disruption at very low light fluences (0.5 and 1 J) (Figures 8 and 9 ). In comparison, the BBB remained relatively intact when exposed to AlPcS 2a -PDT at these light levels. At higher fluences (2.5 J), the PDT effect was so pronounced that the addition of ETXp had no apparent effect on BBB disruption. Based on histological data, no significant damage was noted in rat brains subjected to ETXp-PCI at light fluences of 0.5 and 1 J. In contrast, at fluence levels of 2.5 J, even in the absence of ETXp, a focally extensive area of necrosis and degeneration of brain parenchyma and infiltration of lymphocytes, plasma cells and foamy macrophages were evident. These observations are consistent with treatment-induced cerebral ischemia.
Of particular interest is the time duration and evolution of the ETXp-PCI BBB disruption since Figure 7 Time course of BBB closing. MRI scans were acquired 4 h and 1, 3, 7 and 17 days post-PDT treatment. At each time point, contrast flow rate (based on increasing volume of T 1 signal intensity), was estimated by rescanning the rats at several intervals following contrast injection. The flow rate decreased rapidly (80%) between days 1 and 3. PDT was performed 4 h following i.p. injection of 125 mg kg À1 ALA. All animals were subjected to light fluence and fluence rates of 17 J and 10 mW, respectively [19] . (Reprinted with permission.) this represents the therapeutic window for drug delivery. Based on an analysis of MR images, enhancement volumes were observed to peak three days following ETXp-PCI suggestive of maximum BBB opening at that time ( Figure 10 ). Thereafter, contrast volumes were observed to decrease and by day 11, only trace amounts of contrast were observed in the 0.5 and 1 J animals. Based on these results, the optimum therapeutic drug delivery window appeared to be between days 2 and 5 following ETXp-PCI BBB opening. The data in Figure 10 also illustrate the ineffectiveness of AlPcS 2a -PDT: it is doubtful that this technique can be used to open the BBB for effective delivery of therapeutic agents at the low light fluences required to avoid causing permanent brain damage.
The ability of a chemotherapeutic agent (bleomycin; BLM) to eradicate infiltrative glioma cells following ETXp-PCI-mediated BBB disruption was investigated in an orthotopic brain tumor model consisting of F98 glioma cells in Fischer rats [20] . This model exhibits many of the hallmarks of glioblastoma multiforme and, as such, is considered to be highly relevant in therapeutic studies of malignant gliomas [84] . Since BBB disruption (and subsequent BLM administration) was initiated within 24 h Collectively, the results show that ETXp-PCI can be used to open the BBB in a highly localized and transient manner without causing permanent damage to the brain or BBB. As evidenced from survival studies in tumor cell implanted animals, the extent and time course of disruption were sufficient to allow the passage of therapeutic doses of a high molecular weight (ca. 1.4 kDa) chemotherapeutic agent into the brain.
Although a detailed understanding of the reversible low light fluence BBB disruption is presently unknown, a direct effect on the capillary endothelial cells is the most probable cause. This would include direct interaction of ETX on the endothelial cell cytoskeleton in the illuminated regions that could lead to cell rounding and contraction, with the formation and/or enlargement of endothelial gaps that have previously been described in response to PDT [73] .
ETX has recently been shown to cause rapid destruction of certain types of cancer cells expressing the ETX receptors claudin-3 and claudin-4. Unfortunately, the utility of this toxin is limited by systemic toxicity because its receptors are expressed in numerous organs as evidenced from the relatively low levels of systemically (i.p.) administered ETXp resulting in animal death (LD 50 % 40 mg kg À1 ) [20] . Nevertheless, under the appropriate conditions, ETXp-PCI appears to be a safe and efficient method for localized BBB opening in rats.
Summary and future work
Effective drug delivery to the brain is of vital importance for the treatment of a wide variety of neurological conditions. It is clear that the BBB plays a central role in preventing the effective management of these diseases. Although a number of strategies have been proposed to address the protective function of this barrier, relatively few investigations have focused on localized opening of the BBB. Focussed ultrasound with microbubble contrast agents has been the most widely investigated technique for site-specific disruption of the BBB. This approach has shown promise in a number of small animal models however, there remain a number of hurdles which could hamper its clinical utility. Perhaps the most vexing problem is the requirement for sub MHz frequencies for effective penetration through the skull. Although frequencies in the range of 0.26 to 2.1 MHz have been shown to cause selective and transient opening of the BBB, it's not clear whether these frequencies can penetrate the human skull which is approximately 20 times thicker than the rat skull. FUS-induced BBB disruption is highly transient in nature, lasting at most 5 h. Although this is significantly longer than can be achieved with intra-arterial injection of vasoactive compounds (a few minutes), it is too short for the type of cancer therapies requiring multi-fractionated treatments necessary for main- ) of ETXp 1 h prior to light irradiation. T 1 -weighted images were acquired 15 min after i.p. Gd contrast administration [20] . (Reprinted with permission.) Figure 11 Kaplan-Meier survival of tumor cell implanted Fischer rats. All animals received 1 Â 10 4 F98 glioma cells and were subjected to treatment 24 h later. Three groups were followed: non-treated controls, PDT-BLM controls (AlPcS 2a þ 1 J), ETXp-PCI BLM experimental group (AlPcS 2a þ ETXp þ 1 J); BLM (4 mg kg À1 ) was injected i.p. twice daily for 3 days [20] . (Reprinted with permission.) taining sufficient drug concentrations over extended time periods. Although repeated FUS treatments is a potential solution, it is not clear what effects such treatments would have on the endothelial cells comprising the BBB: even at relatively low acoustic powers, extravasation of red blood cells has been observed. The complex geometry of the resection cavity resulting from surgical debulking poses another challenge for FUS in neuro-oncology applications. Although the beam can be steered, it may be more difficult to treat the entire resection margin compared to laser-based approaches in which an optical fiber can be inserted into an applicator which can be placed into the resection cavity resulting in uniform irradiation of the entire margin [85] . For example spherical balloon type applicators, similar to those currently used in breast brachytherapy, may be ideal for reducing hot spots near the light irradiation source. The MRI results presented in this review suggest that it is not necessary to irradiate the entire BAT in order to achieve therapeutic drug concentrations throughout this region. MR images show that Gd contrast is capable of diffusing 0.5-1.0 cm from the region of BBB disruption. Theoretical calculations have shown that the fluence rate of 630 nm light in brain tissue decreases by less than an order of magnitude within 0.5 cm from the surface of a 2 cm diameter balloon [86] . Therefore it should be possible to open the BBB at distances of up to 0.5 cm into the BAT without causing significant damage to brain tissue immediately adjacent to the applicator. Due to drug diffusion, the effective treatment volume would then extend 1-1.5 cm from the resection margin which represents a significant fraction of the BAT.
As with FUS, ALA-PDT is also capable of producing localized and transient BBB opening with no apparent long term effects. PDT-induced opening of the BBB is sensitively dependent on both light fluence and fluence rate. Both parameters must be chosen carefully since local tissue damage has been observed at fluence levels just above those required for significant BBB disruption. In addition, relatively high fluence rates are required for significant BBB disruption. Significant edema, and resultant morbidity, are often observed at the light fluence/fluence rate combinations required for non-destructive BBB opening thus limiting the usefulness of this approach. From a drug delivery perspective, the BBB remains open for a relatively long period of time (72 h) compared to FUS approaches (5 h) thus making ALA-PDT potentially useful for some neuro-oncology applications.
ETXp-PCI is the newest and least understood of the BBB opening techniques reviewed in this work. In spite of its underlying complexity, the approach has a number of appealing characteristics that may make it a useful tool for localized drug delivery in the brain. ETXp-PCI can induce opening of the BBB at lower light fluences than PDT thus reducing the risk of permanent damage to the BBB and the brain. Since the BBB remains open for extended time periods (up to 14 days), the PCI technique would appear to be the most useful of the three approaches for treatments requiring extended delivery of therapeutic agents. Unlike PDT and FUS, ETXp-PCI has demonstrated its clinical utility in an infiltrative glioma model. These results show that the technique causes sufficient opening of the BBB to allow the passage of a high molecular weight chemotherapeutic agent into glioma infiltrated brain. Due to ETX or ETXp toxicity, it is doubtful that ETXp-based PCI approaches can be used in human clinical protocols. Nevertheless, the findings provide the basis for further PCI studies using non-toxic vasoactive compounds such as bradykinin and its analogs.
A common unifying thread linking the therapeutic approaches considered in this review is the relative lack of understanding of the BBB disruption mechanisms. A rudimentary understanding of FUS-induced effects at the cellular level exists, however, further studies are required for a more complete elucidation. Additional studies are also necessary to address the limitations posed by the human skull: it's not clear whether the present FUS techniques developed in small animals can be translated to humans. Few studies have addressed the mechanisms of the effects of PDT on the BBB, and to our knowledge, there have been no mechanistic studies of PCI-induced BBB opening. In the case of PCI, this will have to be addressed in order for it to progress from a curiosity to a serious treatment option. 
